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ABSTRACT 
An experimental study of two real multi-hole Diesel injectors is performed under current DI 
Diesel engine operating conditions. The aim of the investigation is to study the influence of 
injector technology on the flow at the nozzle exit and to analyse its effect on the spray in 
evaporative conditions and combustion development. The injectors used are two of the most 
common technologies used nowadays: solenoid and piezoelectric. The nozzle for both 
injectors is very similar since the objective of the work is the understanding of the influence of 
the injector technology on spray characteristics for a given nozzle geometry. In the first part of 
the study, experimental measurements of hydraulic characterization have been analyzed for 
both systems. Analysis of spray behavior in evaporative conditions and combustion 
development will be carried out in the second part of the work. Important differences between 
both injectors have been observed, especially in their transient opening and closing of the 
needle, leading to a more efficient air-fuel mixing and combustion processes for the 
piezoelectric actuated injector. 
KEY WORDS: 
Diesel spray, injector technology, momentum flux. 
NOMENCLATURE 
Aef  Effective area. 
Ao  Geometric outlet area 
Ca  Area coefficient 
Cd  Discharge coefficient 
Cv  Velocity coefficient 
Def  Effective diameter 
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Di  Inlet diameter of a nozzle orifice. 
Do  Outlet diameter of a nozzle orifice. 
ET  Energizing time 
k-factor Nozzle conicity. 
fM
.
  Momentum flux at the nozzle outlet orifice. 
fm
.
  Fuel mass flow rate.  
Pback  Backpressure. 
Pinj  Injection pressure. 
Ra  Upper rounding radii 
Rb  Lower rounding radii 
SOI  Start of Injection 
uef  Effective velocity at the outlet orifice. 
uberno  Theoretical velocity at the outlet orifice. 
GREEK SYMBOLS: 
∆P  Pressure drop, ∆P=Pinj-Pback. 
ρf  Fuel density. 
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1. INTRODUCTION 
The injector of a Diesel engine is one of the most important elements in nowadays Diesel 
engine design. The injection system is the responsible of air-fuel mixing process and, as a 
consequence, it has a strong effect on combustion development, engine performance and 
pollutant formation. For this reason, injector and nozzle design have been improved in the last 
years in order to fulfil new stringent emission regulations while improving or, at least, 
maintaining the efficiency of the engine. 
Injection system development has been analyzed from different points of view over the last 
years. Several authors have studied internal nozzle flow conditions using experimental ([1-3]) 
and computational tools ([3-6]), as a way to get further knowledge about injection system 
performance. The link between flow characteristics at the nozzle exit and spray behaviour has 
been also examined, both in evaporative ([7-10]) and non-evaporative conditions ([11-15]). 
Additionally, optical techniques have been extensively used to analyze combustion 
development in real engine conditions ([16-20]). Thus, characteristics of injection and 
combustion process under operative conditions can be widely analyzed for a given injector 
and nozzle. 
The aim of this research is to understand the influence of injector technology on internal 
nozzle flow characteristics and fuel-air mixing in evaporative conditions, as well as its 
consequences on combustion development. For this purpose, in this research article, two 
injectors with similar nozzle flow capacity have been characterized geometrically and 
hydraulically. The mass flow rate and the momentum flux have been measured for a wide 
range of typical engine injection and in-cylinder pressures. The injection rate measurements 
have served, on the one hand, to detect the presence of cavitation in the nozzle ([2,6]), as well 
as to evaluate the discharge coefficient. On the other hand, in combination with measurements 
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of momentum flux, mass flow rate measurements have allowed to determine the velocity at 
the nozzle exit ([2, 21]). 
In the second part of this work included in the accompanied paper [22], measurements of 
liquid spray penetration in evaporative conditions have been performed, and visualization 
techniques will be applied for the characterization of diffusive flame (related with soot 
oxidation) and CH- and OH- radicals. 
This paper is divided in 4 sections. First of all, a wide description of experimental facilities is 
made, including the injectors’ description and fuel properties, together with a detailed 
summary of the test matrix. After this, experimental results obtained from hydraulic 
characterization are described, analyzing both the transient response of the system and their 
development at quasi-steady conditions. Finally, conclusions about the main differences 
between both systems pointed out. 
2. EXPERIMENTAL TOOLS AND CONDITIONS 
A customized common rail injection system was used in the experiments [23]. The system is 
constituted by a high pressure pump, able to reach up to 200 MPa, and a conventional rail with 
a pressure regulator. A Repsol CEC RF-06-99, with a density of 843kg/m3 and a kinematic 
viscosity of 2.847 mm2/s (measured at 40ºC), was used as fuel in the experiments. The 
summary of some physical and chemical properties is shown in Table 1. 
Two Bosch injectors with different technologies have been used: a solenoid injector (second 
generation) and a piezoelectric injector (third generation). Even though each injector was 
mounted with a different 8-hole microsac tapered nozzle, Bosch flow number was similar for 
both nozzles. This parameter is defined as the flow rate injected in 30 seconds using an 
injection pressure and a backpressure of 10 MPa and 0.1 MPa respectively.  
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2.1. Internal geometry determination 
The nozzle geometry has an important influence on injection process and combustion 
development [24-26]. For this reason, the silicone methodology [27] has been employed to get 
information about the internal geometry of the nozzles used for this study. This technique 
consists on the application of a special silicone in order to obtain a mould of the nozzle. Once 
the moulds are prepared, pictures are obtained using a Scanning Electron Microscope (SEM). 
These images are processed using CAD software in order to evaluate nozzle geometric 
parameter such as inlet and outlet diameter or upper and lower rounding radii, as seen in 
Figure 1 for the nozzle mounted on the piezoelectric injector. 
The degree of conicity can also be evaluated for each nozzle and each hole by the k-factor, 
defined as: 
10
i oD Dk factor −− =  (1) 
A summary of the results obtained from this technique are shown in Table 2. As it can be 
seen, although the two nozzles were defined with the same Bosch flow number, there are 
significant differences between them. In particular, the piezoelectric system’s nozzle shows a 
lower outlet diameter and higher degree of conicity than the solenoid one. 
2.2. Injection rate meter and spray momentum test rig 
The injection rate measurements were carried out in a standard injection rate discharge curve 
indicator based in the Bosch method (anechoic tub), described in [28]. In order to obtain a 
good estimation of the experimental errors, several repetitive measurements were carried out 
at the same test point (energizing time, rail pressure, and backpressure). Dispersion around 0.6 
% was obtained with proper calibration of the equipment. 
The spray momentum is based in the measurement of the impingement force of a spray on a 
surface. This force is equivalent to the spray momentum flux, and can be determined with the 
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use of the spray momentum test rig as presented in [2]. Sprays are injected into a chamber that 
can be pressurized with nitrogen up to 8 MPa in order to simulate pressure discharge 
conditions that are representative of real pressure conditions inside the engine combustion 
chamber during the injection process. 
The spray momentum measuring principle is shown in Figure 2. The impact force is measured 
with a piezoelectric pressure sensor calibrated in order to measure force and placed at 5 mm 
from the nozzle hole exit. The sensor frontal area and position are selected so that spray 
impingement area is much smaller than that of the sensor. The pressure inside the chamber is 
constant and surrounds the entire spray, and fuel deflected is perpendicular to the axis 
direction. Under this assumption, and due to the conservation of momentum, the force 
measured by the sensor is the same as the axial momentum flux at the hole outlet or at any 
other axial location [6]. 
2.3. Test matrix. 
The hydraulic characterization of the injectors is based on the mass flow rate and momentum 
measurements. They were carried out for different representative engine values of injection 
pressures (30, 50, 80, 120, 160 and 200 MPa) and back pressures (2, 5, 8, 12 and 17 MPa). 
The injector characterization was made both in transient operation (opening and closing 
phases) and under quasi-steady conditions at full needle lift. For the transient characterization, 
the energizing times (ET) are searched in order to have injections of 1 and 3 mg/shot. Quasi-
steady conditions are obtained at longer energizing times. Nevertheless, the time needed to 
reach the stabilized mass flow values is different for each injection pressure. In particular, 1.5 
ms for the highest injection pressures (160 and 200 MPa), 2 ms for an injection pressure of 
120 MPa, and 3 ms for the rest of the values (30, 50 and 80 MPa) are chosen for this analysis. 
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3.  HYDRAULIC CHARACTERIZATION RESULTS 
The behavior of the injection system has been analyzed from two points of view. First, 
transient development has been characterized by the use of pilot injections, at which both 
mass flow rate and momentum flux are controlled by the needle dynamics during the whole 
injection event. Afterwards, characterization of mass flow rate and momentum flux will be 
made at stationary conditions, using long injection pulses. 
3.1 Injection rate and spray momentum during opening and closing phases 
Development of the injection systems at short pulses is analyzed in order to study injector 
behaviour at transient conditions. Due to the different conception and dynamic response 
between the solenoid valve and the piezoelectric actuator, strong deviation is expected 
between the two systems. 
In Figures 3 and 4, results on injection rate for two pressures are presented at low energizing 
time conditions, together with the electric command signals (in terms of intensity for the 
solenoid system and voltage for the piezoelectric), as well as the instantaneous pressure inside 
the rail. These results are obtained for short injection pulses, corresponding to 1 and 3 
milligrams injected per shot. When comparing the transient behaviour of mass flow rate, it can 
be immediately seen that piezoelectric injector shows a much lower hydraulic delay (i.e., the 
injector opens at a shorter time from the signal reception). Besides this, the opening slopes of 
the signals are considerably different, showing that needle dynamics are faster for the 
piezoelectric injector, as it was expected ([4,29]). This fact is more appreciable at low 
injection pressures. Due to their better dynamic response, piezoelectric injectors are more 
adequate to develop multiple injection strategies, because they are capable of operating with 
repeatable close injections of small and precise fuel amounts. 
In Figure 5 an example for spray momentum is presented for an injection pressure of 80 MPa 
and a chamber pressure of 5 MPa. Again, much shorter hydraulic delay between the start of 
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energizing and the start of injection is seen for the piezoelectric system. With respect to the 
opening and closing slope, piezoelectric system shows again a faster behaviour, although the 
difference is not as significant as seen for mass flow rate curves. 
3.2 Mass flow rate and momentum flux results in maximum lift conditions 
The injector characterization in terms of mass flow rate and momentum results was also made 
under quasi-steady conditions at full needle lift in order to isolate the influence of nozzle 
geometry on the internal flow from others effects due to needle opening and closing. To 
obtain these conditions, large injection pulses were applied, thus enabling the elimination of 
the opening and closing effects. Typical top hat profiles can be observed for both variables at 
maximum needle lift [2]. It is during this period that averaging has been carried out.  
Injection rate curves for the different injection pressure levels at a discharge pressure of 5 
MPa are represented in Figure 6. Apart from the differences already described in the opening 
and closing phases, which make that mass flow rate curves seem more squared for the 
piezoelectric system, it can be seen that maximum value is significantly higher for the 
solenoid injector. Nevertheless, it must be taken into account that, despite the two nozzles 
used have the same flow capacity definition in terms of Bosch flow number, diameter of the 
nozzle mounted in the solenoid injector is slightly higher, which is the main reason of its 
higher values of stationary mass flow. Additionally it can be observed that, despite the same 
energizing time has been selected for the two systems, piezoelectric injector remains opened 
for a longer interval. This is one of the reasons, apart from the faster opening and closing of 
the needle, why piezoelectric system requires shorter energizing times in order to inject the 
same amount of fuel as solenoid injector. Similar conclusions can be stated from Figure 7, 
where injection rate curves are represented for different chamber pressures at an injection 
pressure of 160 MPa. 
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The discharge coefficient at maximum needle lift is depicted against the pressure drop for 
both injectors in Figure 8. In this figure, there is a group of points for each injection pressure. 
Inside each group, there is one point for each backpressure tested (2, 5, 8, 12 and 17 MPa). As 
it can be seen, despite having a lower mass flow at stabilized conditions, piezoelectric system 
shows higher values of discharge coefficient than solenoid one. Nevertheless, it is known that 
this parameter is mainly dependent on nozzle geometry. In particular, the differences in terms 
of Cd seen in figure 8 could be explained because of the higher degree of conicity of the 
nozzle mounted on the piezoelectric system [30, 31]. Additionally, it is appreciable that 
discharge coefficient suffers a significant decrement at several points for the injection 
pressures of 120, 160 and 200 MPa. This is due to cavitation phenomenon, which appears in 
the studied nozzles for the most critical conditions. From experimental results, it can be seen 
that cavitation is more severe for the solenoid system, which can be explained due to the 
higher diameter and lower degree of conicity of its nozzle [6].  
In Figure 9, the momentum flux results for a long energizing time are plotted for both 
injectors at a chamber pressure of 5 MPa. In this graph, momentum flux curves are 
represented against time from Start of Injection (SOI), so that influence of injection system on 
hydraulic delay is not appreciable. As it was stated from mass flow rate analysis (figure 6), 
piezoelectric injector closes later than the solenoid one. Furthermore, maximum value of 
momentum flux is higher for the solenoid system, although the difference is not as significant 
as seen from mass flow rate curves.  
The combination of results of injection rate and spray momentum provides the determination 
of outlet velocity and outlet effective area (or effective diameter) just combining both results 
and applying the following formulas: 
f
ef
f
M
u
m
=

  
(2) 
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where ρf  is the liquid fuel density. 
In Figures 10 and 11 effective velocity and effective diameter calculated using mass and 
momentum flux values at stabilized conditions are depicted. As it can be seen in figure 10, 
outlet velocity is mainly dependent on injection conditions, and the difference between the 
two systems is not appreciable. In order to isolate the effect of injector technology from 
pressure drop, velocity coefficient (Cv) is calculated as the ratio between uef and theoretical 
velocity obtained from Bernoulli equation (uberno). This information is shown in Figure 12, 
where it can be seen that, in general terms, piezoelectric system has higher values for velocity 
coefficient than the solenoid injector. With respect to effective diameter (Def) results, plotted 
in figure 11, the differences are scaled in the same way as the real geometry of the two nozzles 
obtained from silicon methodology [27]. The decrease observed for a given injection pressure 
as chamber pressure decreases is due to cavitation phenomena [2]. 
3.3 Transient velocity determination 
In the previous section, effective velocity has been evaluated as the ratio between momentum 
flux and mass flow rate at stationary conditions (maximum needle lift). Following a similar 
reasoning, instantaneous outlet velocity at non-stabilized conditions, where the needle 
dynamics are influencing the flow inside the nozzle, can be evaluated. 
For this purpose, information from mass flow rate and momentum flux measurements 
obtained for low injection pulses is combined. Examples of the results obtained from this 
analysis are depicted in Figure 13 for low injection pressure and Figure 14 for high injection 
pressure. Paying attention to figure 13 (low injection pressure conditions), it can be observed 
that piezoelectric system show a considerably higher transient velocity; this will imply a 
faster, and so, more efficient mixing for this system with respect to the solenoid injector. 
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Meanwhile, as injection pressure gets higher, the differences in the dynamic behaviour 
between both technologies are reduced, as it occurred with the instantaneous mass flow rate 
signals. Nevertheless, it can be noted that velocity value is still higher for the piezoelectric 
system for analogous conditions. 
4. CONCLUSIONS 
The aim of this paper has been to study the influence of injector technology on internal flow. 
For this purpose, in the paper, two injectors with a similar nozzle have been characterized 
geometrically and hydraulically. The main conclusion that can be established from these 
experiments it is that piezoelectric injector has a better dynamic response and a higher 
transient injection velocity. These differences are more severe in low injection pressure 
conditions. At injection pressures higher than 120 MPa, the transient development of the two 
systems becomes more similar, although piezoelectric system maintains higher injection 
velocities.  
Analysis of injection process at maximum needle lift shows that discharge coefficient is 
higher for the piezoelectric system at all the conditions studied, as well as cavitation 
phenomenon is more likely to occur for the solenoid injector. Nevertheless, this fact can be 
explained in terms of nozzle geometry, as the nozzle mounted in the piezoelectric injector has 
shown to have a lower outlet velocity and higher degree of conicity. With respect to velocity 
at these stabilized conditions, the differences observed are less significant than those obtained 
from the transient study, although values obtained for piezoelectric system are higher again. 
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TABLES 
Table 1. Physical and chemical properties of Repsol CEC RF-06-99 fuel. 
Test Unit Result Uncertainty 
Density at 15ºC kg/m3 843 ±0.2 
Viscosity at 40ºC mm2/s 2.847 ±0.42 
Volatility    
     65%  distillated at ºC 294.5 ±3.7 
     85%  distillated at ºC 329.2 ±3.7 
     95%  distillated at ºC 357.0 ±3.7 
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Table 2. Real hole nozzle geometry characterization by silicone methodology. 
Injection 
system nozzle 
Di [µm] Do [µm] k-factor Ra [µm] Rb [µm] 
Solenoid 133±1 125±1 0.8±0.2 36±5 25±4 
Piezoelectric 132±1 120±1 1.2±0.2 29±3 19±3 
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